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Abs t r ac t  

The Doppler-free,   two-photon 5d1' 6 s  ?Sll2-5d9 
6s2 2D5!2 t r a n s i t i o n   i n   s i n g l y   i o n i z e d  Hg, 
a t t r a c t i v e   a s   a n   o p t i c a l   f r e q u e n c y   s t a n d a r   h a s  
b e e n   o b s e r v e d   f o r   t h e   f i r s t   t i m e .  A few 
ions  were  confined  in a r a d i o - f r e q u e n c y   ( r f )   t r a p  
and the   two-pho ton   t r ans i t i on  was d e t e c t e d  by 
mon i to r ing   t he   change   i n   t he   f l uo rescence   l i gh t  
s c a t t e r e d  by the  ions  f rom a l a s e r  beam t u n e d   t o  
t h e   f i r s t   r e s o n a n c e   t r a n s i t i o n   a t  194 nm. The 
r a d i a t i v e   l i f e t i m e   o f   t h e   s t a t e  and t h e  
a b s o l u t e  wavenumber o f   t he   two-pho ton   t r ans i t i on  
were measured t o   b e   0 . 0 9 0 ( 1 5 )  S and 17  757.15?(3)  
cm-' r e s p e c t i v e l y .  

I n t r o d u c t i o n  

Microwave or o p t i c a l   t r a n s i t i o n s  of l a s e r  
c o o l e d   i o n s   t h a t   a r e   c o n f i n e d   i n   e l e c t r o m a g n e t i c  
t r a p s   o f f e r   t h e   b a s i s  for  f r equency   s t anda rds   o f  
h i g h   s t a b i l i t y   a n d   a c c u r a c y . ' - 5  The advantages   o f  
such   dev ices   a r e   numerous :   ve ry   l ong   i n t e r roga t ion  
times a n d ,   t h e r e f o r e ,   h i g h   t r a n s i t i o n   l i n e  Q ' s  can 
b e   a c h i e v e d ;   f r a c t i o n a l   f r e q u e n c y   p e r t u r b a t i o n s  
t h a t   a r e   d u e   t o   t h e   t r a p p i n g   f i e l d s   c a n  b e  he ld  
be low  co l l i s ions   wi th   background  gas   snd  
c e l l   w a l l s   c a n  be l a r g e l y   a v o i d e d ;   D o p p l e r   s h i f t s  
a r e   d i r e c t l y   r e d u c e d  by t r app ing  and cool inE  and ,  
f i n a l l y ,   n e a r l y   u n i t   d e t e c t i o n   e f f i c i e n c y   o f  
t r a n s i t i o n s   t o   m e t a s t a b l e   s t a t e s  is p o s s i b l e  so 
t h a t   t h e   s i g n a l   t o   n o i s e   r a t i o  need  be l i m i t e d  only  
by t h e   s t a t i s t i c a l   f l u c t u a t i o n s   i n   t h e  number of 
i o n s   t h a t  make t h e  t r a n ~ i t i o n . ~   D e t a i l s   o f   i o n  
t r a p s  and l a se r   coo l ing   have   been   pub l i shed  

f o r   a n   o p t i c a l   f r e q u e n c y   s t a n d a r d  is t h e  tuo-photL,n 

a l lowed)  5d1° 6s 'S1 /2-5d9 5s' 'D 
a l lowed ( o r  s i n g l e   p h o t o n   e l e c t r i c   q u a d r u p o l e  

near 563  nm.4*5 T h e  l i f e t i m e   o f  ? k g  %+ t ransi t ion 
expec ted   to   decay  by emiss ion  of e l e c t r l c  
q u a d r u   o l e   r a d i a t i o n ,  is c a l c u l a t e d  t o  b e  of o r d e r  
0.1 s . ~  T h i s  g i v e s  a p o t e n t i a l   o p t i c a l   l i n e  Q o f  
about  7 x 10". Here we d e s c r i b e   t h e   f i r s t  
r e s u l t s   o f  our ' v e s t i g a t i o n  of the  two-photon 
t r a n s i t i o n   i n  ld8Hg+  (which is f r e e  of hype r f ine  
s t r u c t u r e )   s t o r e d   i n  a m i n i a t u r e   r f   t r a p .  
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Experiment 

O u r  t r a p  is s i m i l a r  t o  t h e  smnll r a d i o  
f requency   t raps   used   in   the   ion   cool ing   exper iments  
tha t   were   conducted   a t   Heide lberg   Univers i ty  on 
B A + , ~  and a t  t h e  Un ive r s i ty  of ? iash ington  on !!g+.' 
A c r o s s   s e c t i o n  of t h e   t r a p   e l e c t r o d e s  is shown i n  
Fig.  1 .  We n o t e   t h a t ,   a l t h o u g h   t h e   i n n e r   s u r f a c e s  
of ou? t r a p   e l e c t r o d e s  wers machined w i t h  s imple  
con ica l   cu t s ,   t he   t r ap   d imens ions   were   chosen  t o  
make t h e   f o u r t h   a n d   s i x t h   o r d e r  anharrn n i c  
c o n t r i b u t i o n s   t o   t h e   p o t e n t i a l   v a n i s h . '  Tne r f  
d r ive   f requency  was 21 MHz wi th  a vo l t age  
ampl i tude ,  V. 5 1 kV.  The background  pressure,  
exc lud ing7dc l ibe ra t e ly   added   mercu ry  and helium, 
was I l o - '  Pa (133 Pa 1 t o r r ) .   A f t e r   l o a d i n g  
50-200 rnercury ions ,  the  mercury  vapor was f r o z e n  
ou t   i n  a l i q u i d   n i t r o g e n   c o l d   t r a p  2nd t h e  vacuum 
vess$l was b a c k - f i l l e d  w i t h  kle t o   t h e   o r d e r   o f  
-10 L Pa.  This was s u f f i c i e n t   t o   c o l l i s i o n a l l y  
c o o l   t h e   t r a p p e d  Kg+ t o   n ? a r  roon temocra ture  as 
v e r i f i e d  b y  the  Doppler   width  of   the 7S1/2-2P1/2 
r e s o n a n ? e   l i n e   n e a r  194 nm. 

2 

Fig .  1 .  Schemat ic   showing  c ross   sec t ion   v iew  of  
t r a p   e l e c t r o d e s .  The e l e c t r o d e s   a r e   f i g u r e s  o f  
r e v o l u t i o n   s b o u t   t h e   z - a x i s  and a r e  made from 
molybdenum. 

Op t i ca l   doub le - r e sonance lO ' l l  was u s e d   t o  
d e t e c t   t h e   t w o - p h o t o n   t r a n s i t i o n .  About 5 p'ni of  
narrowband cw sum-frequency-genera ted   rad ia t ion  
near  194 m'* was t u n e d   t o   t h e  6 s  *S l l2   t o   5p  'P1 ,2 
f i r s t   r e s o n a n c e   t r a n s i t i o n  and was d i r e c t e d  
d iagonal ly   th rough t h e  t r a p   ( b e t u e e n   t h e   r i n g  
e l e c t r o d e  and t h e  end c a p s ) .  The f l u o r e s c e n c e  
l i g h t   s c a t t e r e d  by t h e  ions  was d e t e c t e d   a t   r i g h t  
a n g l e s   t o   t h e  194 nm beam w i t h   a n   o v e r a l l   d e t e c t i o n  
e f f i c i e n c y  of a b o u t   T y p i c a l l y ,   o u r   s i g n a l  
l eve l  was  2-10 x l C 3  c o u n t s / s   a n d   t h e   s i g n 3 1   t o  
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background r a t i o  was b e t t e r   t h a n   1 0 1 1 .  When t h e  
ions  were  dr iven by t h e   r a d i a t i o n   f r o m  R 563 nm  cw 
r i n g   d y e   l a s e r   o u t   o f   t h e   2 S 1 / 2   g r o u n d   s t a t e   i n t o  
t h e  'D ,2 m e t a s t a b l e   s t a t e ,   t h e r e  w a s  a dec rease  in 
the   192  nm f luorescence   cor responding   to   the   numbw 
of ions  i n  t h e  D s t a t e .  

The d y e   l a s e r  beam a l s o  was d i r e c t e d  
d i agona l ly   t h rough   t he   t r ap ;  t h e  axes   o f   the   dye  
l a s e r  beam, t h e  194 nm beam and t h e   c o l l e c t i o n  
o p t i c s  were  mutual ly   perpendicular .  A near -  
c o n c e n t r i c   s t a n d i n g  wave c a v i t y  w3S placed  around 
t h e  t r a p   i n   o r d e r   t o   e n h a n c e   t h e   p o u e r  of t he   553  
nm r a d i a t i o n  and t o   b e t t e r   e n s u r e   n e a r l y   e q u a l  
i n t ens i ty   coun te r -p ropaga t ing   beams .  The c a v i t y  
was pos i t i oned  so t h a t  i t s  wa i s t  ( w o  2 25-30 pm) 
was l o c a t e d   n e a r   t h e   c e n t e r  of  t h e  c loud  of t rapped  
ions .  The  power b u i l d u p   f a c t o r  was approximate ly  
5 0 ,   g i v i n g   n e a r l y  5 W of c i r c u l a t i n g  power f o r  
t y p i c a l   i n p u t  power l e v e l s   o f  100 mW. The r i n g   d y e  
l a s e r   l i n e w i d t h   i n   t h e s e   p r e l i m i n a r y   e x p e r i m e n t s  
was o f   t h e   o r d e r   o f  300 kHz. The f requency   of   the  
l a s e r  w . 3 ~  o f f se t   locked   and   prec ise ly   scanned  w i t h  
r e s p e c t   t o  n sccond  dye  laser  l o c k e d  t o  a hype r f ine  
componen t   i n   t he   Dopp le r - f r ee ,   s a tu ra t ed   l b so rp t ion  
spec t rum  o f   l 271~ .  

R e s u l t s  

A typ ica l   reson .anze  cur've  and s i m p l i f i e d  
energy   leve l   d iagram is  shown i n  Fig.  2 .  The f u l l  
scanwidth is 4 XHz. The e l e c t r i c   f i e l d   v e c t o r   o f  
t he   563  nm l a s e r   r a d i a t i o n  is n o a r l y   p a r a l l e l   t o  3 
smal l   appl i -d  
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FiF. 2 .  T:Jo-pt?OtOn 2S1,2-2D5/2 t r n n s i t i o n  i n  
19'Hg+. ,414 s idebands   caused  by the  harmonic 
s e c u l a r   n o t i o n   o f   t h e  ions a r e   v i s i b l e   i n   t h i s  
scan .  The f requ-ncy   scan  is 4 MHz a t   t h e  
fundamfnta l   l aser   f requenzy  (1 z 553  nm). The 
depth   o f   the   cen t ra l   component  is about  254 o f   f u l l  
s c a l e .  The i n t e g r a t i o n   t i m e  is 3 s / p o i n t .   I n  t h e  
In c t   i s  R s imp l i f i ed   ene rgy   l eve l   d i ag ram  o f  
1 9 3 H s + ,   d s p i c t i n g   t h e   l e v e l s  of i n t e r e s t .  

m g n e t l c   f i e l d   o f   a p p r o x i m n t e l y   7 1 . 6  x lo-' T (11 .6  
C: u 5 i c h   d i f f e r e n t i h l l y  Zeeman s p l i t s  t h e  ground 
and e x c i t e d   s t a t e s .  The s e l e c t i o n   r u l e   f o r   t h e  
t w o - p h o t o n   t r a n s i t i o n   f o r   t h i s   p o l a r i z a t i o n   i s  AnJ 
= 0, and ,   t hus ,   on ly  two  components a r e   o b s e r v e d ,  
s epa ra t ed  by approximate ly   13  NHz (approximate ly  
6.5 !iHz a t  t h -  d y e  l a s e r   f r e q u e n c y ) .  I n  F ig .  2 ,  WO 
scan  over   only  onc  of   these Zecman components (m, = 

-112 f3 mJ = - 1 1 2 )  b u t  see s i d e b s n d   s t r u c t u r e .   T h i s  
s t r u c t u r e  1s due   to   ampl i tude   modula t ion  (Ai:) o f  
the   553  nm l a s e r   i n t e n s i t y   d u e   t o   t h e   s e c u h r  
motior? of the   i ons  i n  t h e  r f   t r z p .  l 3  Ts our 
k n o d l e d g e ,   t h i s  i s  t h e   f i r s t   o b s e r v a t i o n   o f   s e c u l a r  
motion  s idebands ?t o p t i c a l   f r e q u e n c i e s .  The depth  

of t h e   c e n t r a l   f e a t u r e   i n   F i g .  2 is nearly  25%  of 
f u l l   s c a l e   i m p l y i n g   t h a t  we h a v e   n e a r l y   s a t u r a t e d  
the   two-pho ton   t r ans i t i on .  The l i newid th  is about  
420  kHz,  and is de te rmined   i n   nea r ly   equa l   pa r t s  by 
t h e   l a s e r   l i n e w i d t h   o f   a b o u t   3 2 0  kHz and t h e  power 
broadening by the  194 na r a d i a t i o n   o f   n e a r l y  270 
kHz. When t h e  194 nm r a d i a t i o n  is chopped,   the  
two-photon  l inewidth  drops  to   approximately 3.20 
kHz. 

We have   expe r imen ta l ly   measu red   t he   r ad ia t ive  
l i f e t ime   o f   t he   5d9  5s' 2 D 5 / 2  s t a t e   t o  be  0 .090(15)  
S in goog agreement  with t h e  c a l c u l a t e d   l i f e t i m e   o f  
0.105 S .  Again  in t h i s  measurement,  the  ground 
s t a t e   p o p u l a t i o n  was monitored by measur ing   the  
l a se r   i nduced   f l uo reseence   o f   t he   194  nm t r a n s i -  
t i o n .  The r a d i a t i o n   f r o m   t h e   d y e   l a s e r   n e a r  563 nm 
was tuned   to   resonlnce   wi th   the   two-photon  
t r a n s i t i o n  and  chopped  on  and o f f .  During t h e  t ime 
t h a t   t h e   l a s e r   r a d i a t i o n  was on ,  i t  drove 10-~Y)% of 
t h e  ion  p o p u l a t i o n   i n t o   t h e  D s t a t e .  The t ime 
c o n s t a n t   f o r   t h e   a t o m i c   s y s t e m   t o   r e l a x   d u r i n g  t h e  
r ad ia t ion -o f f   pe r iod   cou ld  be determined  f rom  the 
e x p o n e n t i a l   r e t u r n   o f   t h e  794 nm f l u o r e s c e n c e  t o  
s t e a d y   s t a t e .  An example is shown in   F ig .  3. The 
r e l a x a t i o n   r a t e  was measured over  a range  of  He 
p r e s s u r e s   d i f f e r i n g  by a f a c t o r   o f   f o u r .  The 
r e p o r t e d   r a d i a t i v e   l i f e t i m e  is t h e   r e s u l t   o f   a n  
e x t r a p o l a t i o n   t o   z e r o   p r e s s u r e   o f  a l i n e a r  
l e z s t - s q u z r e s   f i t   t o  t h e  d a t a .  The p res su re -  
induced  decay  ra te  was de te rmined   poor ly ,   bu t  
moun ted  to only   about   255   of   the   rad ia t ive   decay  
r a t e   a t   t h e   h i g h e s t   p r e s s l u r e   ( a b o u t  6 x P a ) .  
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Fig. 3 Measuremen t   o f   t he   r ad ia t ive   l i f e t ime   o f  
the  5dg 6s' *D5,? s t a t e   i n  Hg'. The d o t s   a r e   t h e  
expe r imen ta l   p31n t s   i nd ica t ing   t he   r e tu rn   o f   t he  
a tomic   sys tem  to   s teady   s ta te   ? . f te r   chopping   of f  
t h e   r a d i a t i o n  fron! t h e   5 6 3  nm d y e   l a s e r   t h a t   d r i v e s  
t h ?   i o n s   f r o m   t h e   g r o u n d   s t a t e   t o   t h e   m e t a s t a b l s  D 
s t a t e  by two-photon  lbsorpt ion.  The s o l i d   l i n e  is 
a l e a s t   s q u a r e s   f i t  of a n   e x p o n e n t i a l   t o   t h e  
expe r imen ta l   da t a .  The v e r t i c a l   a x i s  is t h e   c o u n t s  
per   second  ob ta ined  by measur ing   the   l aser   induced  
f luorescence   f rom  the   cont inuous ly   d r iven  
2 P, /2-2S, ,*+ t r a n s i t i o n .  The h o r i z o n t a l  ax is  shows 
t i m e   a f t e r   L u r n i n g   o f f   t h e  563 nm l a s e r   r a d i a t i o n .  

Xe?hav? a l so   me3sured   t he   abso lu t e  wavenumber 
of   the   "S l /2-2D5/2   two-photon   t rans i t ion  by 
measur ing   the   f requency   d i f fe rence   be tween  the  two 
photon  resonlnce and t h e  "t" hype r f ine  corn onent   o f  
t h e   n e a r b y   R ( 3 3 )   l i n e   o f   t h e  21-1  and i n  a2712 
( l i n e  P12?0 in   t he   i od ine  R T h e  
two-photor. t r a n s i t i o n  i n  196.ilgi l i es  551(2)  MHz t o  
tho  r e d  of t h i s  component. From t h i s  we de termine  
t h e  wavenumber o f   t he   two-pho ton   t r ans i t i on   t o   be  
17  757.152(3) cm-'. 



I n   t h e   n e a r   f u t u r e ,  we a n t i c i p a t e   n a r r o w i n g  
t h e   5 6 3  nm l a s e r   l i n e w i d t h   t o   t h e   o r d e r  of' a few 
kHz a n d   s t u d y i n g   v a r i o u s   s y s t e m a t i c   e f f e c t s  
i nc lud ing   p re s su re   b roaden ing   and   sh i f t s ,  power 
b r o a d e n i n g ,   a n d   l i g h t   s h i f t s .   U l t i m a t e l y ,  we would 
l i k e  to  n a r r o w   t h e   l a s e r   l i n n w i d t h  t 3  a va lue   nea r  
t h a t  imposed by t h e   n a t u r a l   l i f e t i m e   o f   t h e  D 
s t a t e ,   a n 3  t o  dr ive   ths   two-photon  ( o r  s i n g l e  
p h o t o n ,   e l e c t r i c   q u a d r u p o l e )   t r a n s i t , i o n  on a 
s i n a l e ,   l a s e r - c o o l e d   i o n .  
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